A remote and non-invasive diagnostic of the plasma focus using antennas is presented in this work. The main motivation is the application of such diagnostic in a miniaturized plasma accelerator, based on the plasma focus architecture, as a cube satellite thruster. The evaluation of this proposal was carried out measuring a hundred of joules plasma focus operation simultaneously with the inductive measurement and antennas. Three different antennas tuned in the ultra high frequency range were tested: a monopole, Vivaldi and helical. The high frequency transients detected with the antennas were time correlated to the known inductive measurement features. The initial dielectric breakdown and later plasma pinch and subsequent disruption (i.e. the source of the propulsion) were identified to be the principal phenomena to be detected. Signal parameter correlations between the inductive sensor and the antennas showed that the pinch phenomena can be correlated with the antenna signals. Good correlation results were obtained with the monopole antenna when using peak value and signal energy parameter from the antenna transient. An improvement in the correlation results, for the helical and Vivaldi antennas, was obtained when calculating the frequency band energy. In this case, the Vivaldi antenna achieved the best results. The results of the monopole antenna make it an alternative remote sensor for plasma focus, but for the application of a miniaturized plasma focus as pulsed plasma thruster, the Vivaldi antenna is a more feasible design to replace the inductive diagnostic due to its compact design in comparison to the monopole.
FIGURE 1.
A general schematic and simplified external circuit of a plasma focus device. To the right the DPF stages are highlighted.
configuration. DPF can produce high intensity pulsed electromagnetic radiation, in a wide frequency spectrum from radio frequency to X rays, as well as charged and neutral particles. Some applications of these devices are: pulsed source of X rays [15] and neutrons [16] - [19] , the production of plasma shocks and testing of fusion reactor wall materials [20] , [21] , as ion beam accelerator [22] , pulsed irradiation for cancerous cells [23] and the intended application as a PPT, potentially for its use in CubeSat propulsion. The DPF architecture considered in this work is a capacitor based discharge [24] , [25] , specifically, the discharge of a capacitor bank into a coaxial electrode system inside a vacuum chamber and switched via spark-gap. The plasma dynamics of the DPF take place inside a vacuum chamber which is filled with a working gas at low pressure in the range of 1 mbar to 10 mbar. DPF, as an electric device, can be understood by a simple RLC underdamped circuit model [25] , see Fig. 1 . The driver of the circuit, i.e. the capacitor bank and its connection to the vacuum chamber electrodes, is modeled as an equivalent capacitance C 0 for the bank and equivalent losses R 0 and inherent, or stray, inductance L 0 of both the capacitor bank and connection leads. The plasma dynamics occurring inside the chamber have been modeled as a time-variant resistance R p and inductance L p [24] - [26] .
As can be seen in Fig. 1 , the discharge process can be explained in six stages [13] , [25] , [27] . In stage I the initial gas breakdown occurs and creates a plasma sheath on the surface of the insulator. Next, in stage II, the plasma sheath is axially accelerated towards the end of the electrodes due to its interaction with the magnetic field of the current on the anode. In stage III, the plasma sheath, on top of the anode, experiences a radial acceleration that compresses it because of the self induced Lorentz force (z-pinch). In stage IV, the plasma is compressed into a dense column and reaches a stagnation point, thus maximum compression is achieved that lasts around a few to hundreds of nanoseconds, depending on the device energy. This important stage of the discharge is called pinch [25] . Then, due to not being in equilibrium in the axial direction, plasma from the column escapes the confinement. This process is called pinch disruption and leads to the ejection of plasma shocks [20] in the axial direction, stage V. Finally, in stage VI, as the plasma shock advances, plasma jets are ejected from the anode [28] . The pinch developed by the discharge, stage IV, is the main feature of the DPF as a source of high energy radiation, neutrons and beams. The conditions for the emission of high energy electromagnetic radiation, such as X rays and particle beams, are achieved in the pinch stage [25] . Moreover, because of pinch disruption, the plasma shock and plasma jets are emitted. The initial speed of the plasma shock is in the order of 5 · 10 5 m/s [20] or greater, and the plasma jets speed is in the order of 4 · 10 4 m/s [28] . These are the principal phenomena to be used in a PPT.
DPF operation is typically diagnosed electrically using inductive sensors, in particular Rogowski coils, to measure the time derivative of the circuit current, and a voltage divider, to measure the time evolution of the voltage at the vacuum chamber electrodes [24] , [25] . See Fig. 1: (A) the Rogowski coil and (V) the voltage divider. The inductive sensors are wrapped around the returning leads that connect the vacuum chamber to the capacitor bank, meanwhile the voltage divider is connected as close as possible to the anode [24] , [25] . Both the Rogowski coil and voltage divider have limitations, specially with the bandwidth. An adequate bandwidth is required to detect the fast pinch stage. On one side, the Rogowski coil is a compromise between number of turns (its gain) and the resultant bandwidth. Even the proper location of the Rogowski coil with respect to the current path to be measured is paramount for its performance and calibration. On the other, fast voltage dividers with picosecond rise time had only be achieved with ion solution resistances [29] . Considering the intended nanosatellite application, both sensors are placed as close as possible to the DPF, so they impose a risk of failure due to disconnection or undesired electric contact. Also, a close connection of this kind is not recommended since the structure will be subjected to extreme movement and vibration stresses [30] .
A remote sensor based on the measurement of the electromagnetic (EM) burst from a DPF, basically an antenna working as a receptor, is the diagnostic method evaluated in this work. Previously, radiofrequency and microwave measurements from a DPF had been considered as a feasible diagnostic [31] - [33] either on the inside or outside the vacuum chamber. Additionally, a dipole antenna was used by Escalona et al. [34] for measuring the electromagnetic noise created by the DPF and how to mitigate its effect in electronic equipment. Recently, a particular antenna design, the Vivaldi, has been used in conjunction with machine learning algorithms to infer the hard X ray measurement from DPF [35] . Despite the cited investigations reported the detection and described the behaviour of the EM burst from the DPF operation to some extent, no further intensity correlations with the commonly used electrical diagnostic signals, in particular the inductive measurement, were carried out using either hand-picked signal parameters or machine learning algorithms.
In the context of the use of a miniaturized DPF as a pulsed plasma accelerator, potentially for CubeSat propulsion, the aim of this work is to evaluate the replacement of the inductive sensor diagnostic of plasma focus with one done remotely using an antenna. Three tasks are presented to assess this proposal: the characterization of the DPF discharge using the antenna signals in terms of the known inductive measurement, the identification of the transients from the antenna signals that are of interest to the proposed plasma focus application and the correlation of antenna signal parameters with the pinch detection feature from the inductive measurement signal. Measurements of a hundred of joules plasma focus operation, PF-400J [16] , were carried out using an inductive sensor and three different antennas: monopole [36] , Vivaldi [37] and helical [38] . To evaluate different antenna designs is relevant since they might serve, in a future work, to obtain the radiation pattern of an operational PPT based on the plasma focus type and thus get electromagnetic compatibility with other systems in the nanosatellite. Additionally, the use of different antennas was proposed to test which design obtained better correlation results. The adjusted coefficient of correlation R 2 adj was used to determine the best correlation result. Even tough in the case of a pulsed plasma thruster the discharge is produced in vacuum (the space conditions at the satellite orbit), two singular phenomena occur in a dense plasma focus discharge that produce a significant change in the current derivative which could be used in the remote diagnostic: the breakdown on the insulator (propellant) and the disruption plasma producing the ejected plasma shocks from the electrode gun. The electromagnetic behaviour (independent of the environment) and characterization of a plasma focus by means of inductive sensors and antennas, is believed to be a proper mimic of the expected behaviour in a pulsed plasma thruster of this kind for a nanosatellite.
II. ELECTRICAL DIAGNOSTIC, SENSOR CHARACTERISTICS AND EXPERIMENTAL SETUP
Examples of the Rogowski coil and voltage divider signals are shown in Fig. 2a and Fig. 2b , respectively. In stage I, the sudden fall of voltage is observed because of the dielectric breakdown of the gas which also indicates the start of the current increase, di/dt > 0. Stage II can be inferred to happen next. Stage III of radial compression of the plasma corresponds to an abrupt rise of its impedance [26] , [39] . This behaviour is observed when the di/dt signal begins to decrease more sharply than the previous stage. The stagnation point is achieved at the pinch, stage IV, and is indicated by the dip in the di/dt signal and as a voltage surge in the voltage divider signal. The final stages, V and VI, cannot be directly observed using this electric diagnostic. After the pinch, the electrical signals follows the behaviour of an underdamped RLC series circuit. Note that high frequency oscillations are recorded when there are abrupt changes in current, stages I and IV, as suggested by Bruzonne et al. [40] .
For a nanosatellite propulsion based on DPF architecture, it can be considered that the the initial stage I and pinch stage IV are of most interest for the diagnostic of the device operation. As was mentioned before, the detection of stage I indicates the start of the discharge process and then, the stage IV, the detection of the pinch which serves as an indicator of the abrupt changes in the circuit current due to the plasma dynamics.
The inductive sensor utilized in this study was an inductive loop sensor (ILS) [41] , see Fig. 3a . This inductive sensor corresponds to one rectangular loop made in a circuit board and works in a similar way to a Rogowski coil. In this work, the ILS corresponds to the reference inductive signal where the already known physical phenomena of the discharge, such as the dip, can be identified. This sensor was previously developed for measuring fast varying current pulses from partial discharges [41] , [42] and its constructional details are found in [43] .
The antennas used in this study were: 22 cm monopole antenna [44] , Vivaldi antenna [45] and helical antenna [38] . See, respectively, Fig. 3b , Fig. 3c and Fig. 3d . For the antennas, the S 11 parameter, or reflection coefficient, is related to the antenna efficiency and is a key measure that is needed for evaluating the performance of an antenna when receiving far field components from the EM source. Antennas with high efficiency, for certain frequencies, present low reflection losses so it is common practice to consider values below of S 11 = −10 dB as the frequencies where the antenna is adapted or tuned. Note that near field components (frequencies) can also be detected by the antennas [46] . For instance, according to the criteria indicated by the IEEE standard definition of terms for antennas [47] , a region inside the boundary determined by c 2πf , where c is the speed of light and f a determined frequency, is considered a near field reactive region. The S 11 measurement for each antenna was made with a vectorial network analyzer (VNA Master MS2035B) and its results are shown along with the detailed description of each sensor in the following list:
1) Monopole antenna (22 cm): This omnidirectional antenna is one of the simplest antenna that can be constructed [44] . A copper wire with 1.6 mm diameter is attached to a BNC straight bulkhead socket (50 ) . The length from the top of the conductor to the socket ground is 22 cm. Additionally, a 1.6 mm thickness and 10 cm diameter aluminum circular plate is placed in the socket as a ground plane. The first resonant frequency of this antenna is calculated from the well known expression (1) [44] for a monopole with length L.
The 22 cm monopole was designed to have the first resonance at 341 MHz. Fig. 4 shows the measured S 11 parameter for this antenna in blue color. The first three resonances are located at 410 MHz, 1 GHz and 1.6 GHz. The differences between calculated and measured tuned frequencies are mainly due to the small ground plane, not infinite as equation (1) requires. In plasma focus EM burst measurement, a 30 cm long dipole (15 cm equivalent monopole) was previously used [34] . In this work, a longer monopole was proposed to test if the lower frequency emission detection, achieved better results in the correlation analysis. In contrast, a longer monopole is not suitable for the intended application of plasma focus for nanosatellite propulsion because its straight conductor could exceed size restrictions of the nanosatellite and also imposes a risk of undesired electric contact that could lead to shortcircuit. Despite these restrictions, it was worth to test and show its correlations results as is described in the result sections III-B.1 and III-B.2. 2) Vivaldi antenna: This antenna corresponds to a exponential slot line (waveguide) embedded in a substrate, where a micro-strip transmission line is used for getting the signal out to a SMA connector [45] . This type of antenna has a directional radiation pattern which means that, when it is directed towards the electromagnetic radiation source, the antenna receive the highest intensity, reducing at the same time the influence of other external sources and eventual reflections from conductive materials near the source. Because of the designed shape of the slot line, this antenna is adapted for a frequency band instead of a particular resonant frequency like the monopole. The properties of the Vivaldi have allowed this type of antenna to be useful in applications that requires bandwidth measurement of fast transient discharges [37] , [48] . Recently, it proved to obtain good results for the inference of the hard X rays measurement signal from a plasma focus using a deep learning algorithm [35] . The Vivaldi antenna used in this study was made from a circuit board with dimensions 8.5 cm × 11.3 cm. The measured S 11 parameter of the Vivaldi is shown in green color in Fig. 4 . Although the frequency band between 1.2-2.3 GHz is not completely adapted, it still offers a bandwidth measurement mainly because the high power radiation emitted from DPF had been shown to be highly intense [34] . A less adapted peak around 500 MHz also allows for measuring near this frequency.
3) Helical antenna: This antenna is mainly chosen
because of its axial radiation pattern [38] which allows a more directional receiving mode, thus minimizing the detection of reflected waves from the surroundings of the DPF. This type of antenna was first developed by Kraus et al. [38] , [49] . No previous applications of this antenna for EM burst measurements were found. The helical antenna was mounted in a 50 BNC socket.
No ground plane was provided for this antenna. The design parameters as described by Kraus are: 5.5 turns, 1.4 mm of conductor diammeter, 11.5 mm of helix diammeter, 6 mm of spacing between each turn and 15.75 mm of distance from the helix to the BNC socket. The S 11 parameter measured for this antenna is shown in black color in Fig. 4 . A first band of frequencies around 500 MHz and below are found to be sufficient for detecting the EM burst from the DPF despite of not satisfying the −10 dB criteria for adapted frequencies. The measurements were taken from a low energy plasma focus PF-400J [16] . Parameters of this DPF are: 880 nF capacitor bank, 38 nH circuit inductance, 26 kV charging voltage, ≈ 287 J electrostatic energy and approximately 300 ns to maximum current. A modified electrode geometry with respect to the original one [16] was available. The modification consisted in the following: no cathode bars were placed for the external electrode, the insulator had an increased length of 21.5 mm and the effective length of the anode was 13 mm. The operational conditions for the experiment were set at 26 kV for charging voltage and the vacuum chamber was filled with pure hydrogen at a pressure of 9.5 mbar.
The experimental setup that indicate the location of the sensors with respect to the DPF is shown in Fig. 5a and its layout in Fig. 5b . The best alternative for placing the inductive sensor was at 2 mm from one of the return leads that connects the vacuum chamber to one of the capacitors. For the antennas, the closest return lead serves as reference point where a fixed distance of 0.4 m was chosen.
The acquisition system used for the measurements consisted in a PXI system which considers a NI-PXIe 1082 chassis, a NI-PXI 5162 acquisition card and a NI-PXIe-8115 controller with a dual-core i5-2510E processor. The measurement characteristics of the system are as follows: 2 channel, sampling frequency of 6.25 Gs/s, 3 GHz of bandwidth and 8-bit of vertical resolution. Attenuators of 20 dB and 30 dB with bandwidth of 0-18 GHz and 0-6 GHz, respectively, were used to keep high intensity signals in the range of 1 V pp which is the maximum input limit for each channel (50 ) . The ILS signal was recorded in one channel, meanwhile the antenna signal was recorded in the other available channel as shown in Fig. 5b . The measurement campaign started with the simultaneous recording of the ILS and monopole signals, then the ILS with Vivaldi and, finally, with the ILS and helical. Each signal was recorded using a time window of 1 µs. A trigger unit was used to control the discharge of the spark-gap which was filled with pure nitrogen at a pressure of 0.5 bar. The repetitive trigger mode allowed the operation of the DPF on regular time intervals at the specified experimental conditions. A total of 200 discharges, with a 14 second interval between each one, were recorded for each ILS-antenna data set. Because of the stochastic and non-linear characteristics of plasma focus discharges, a diversity of diagnostic signals are obtained even when experimental conditions are the same: working gas, gas pressure, charging voltage and electrode geometry [25] . To validate that most of the differences in the antennas signals are due to their respective designs, the inductive loop sensor signals were analyzed. It was confirmed that the frequency content of the ILS in all data sets were almost identical.
III. RESULTS AND DISCUSSION
To evaluate the capability of the antennas to detect the stages of the discharge, a detailed analysis in time and frequency domain of the signals from each ILS-antenna data set is presented in Section III-A. The analysis was carried out by comparing the waveforms between the ILS and the antenna of a same discharge. The wavelet transform was also calculated to identify certain frequencies that appear during the discharge. Furthermore, the correlation between the dip value feature of the ILS signal and the associated EM burst measured with antennas is investigated in section III-B. The correlations of the dip value from the ILS signal and the antennas signals were carried out using hand-picked parameters, such as signal energy and peak value, to represent the antenna signal. Additionally, correlations based on a frequency band energy calculation [50] , were carried out to improve results of the previous correlations.
A. TIME AND FREQUENCY DOMAIN ANALYSIS OF THE MEASURED SIGNALS
First, the signals of the ILS and each respective antenna are shown in the time domain. For both sensors, the wavelet transform representation is also included for visualizing the frequency components that appear during the discharge. The use of the wavelet transform is adequate given that one of its applications is for detecting time-localized events in noisy signals [51] and, previously, it was used by Piriaei et al. [52] for analyzing the frequency content of electric signals measured from the DPF operation using a Mirnov coil.
The results for each ILS-antenna comparison are shown in Fig. 6 for the monopole case, Fig. 7 for the Vivaldi case and Fig. 8 for the helical case. One discharge example is shown for each case. The time domain signals are shown to the left of these three figures, meanwhile to the right are shown the wavelet transform results. Time of pinch is highlighted in the plot. For a better interpretation of the wavelet results, their coefficients were normalized by the maximum value of the respective transform, so values closer to one (red color) indicate a clear time-frequency identification. The wavelet transform results show that particular bands of frequencies were identified during the discharge in the ILS and antenna signals. Table 1 shows a summary of the frequency bands highlighted in the wavelet transform results from Fig. 6 , Fig. 7 and Fig. 8 . A description of each ILS-antenna comparison is shown next, along with the frequency details of each signal.
The ILS-monopole comparison shown in Fig. 6 indicates that the antenna detected two transients: the initial spark-gap conduction followed by the gas breakdown, stage I, and the later pinch, stage IV. Note that due to pinch an EM burst is detected by the antenna. This transient start to rise at time of pinch and shortly after reaches high amplitude oscillations, and then the transient decays.
The ILS spectrum consists mainly in five frequencies of interest, see Table 1 : f 1 around 6-7 MHz that are present during most part of the discharge, f 2 shows a limit ≤ 50 MHz achieved during pinch stage, f 3 an oscillation of approximately 70 MHz during the initial stages and later in pinch stage, f 4 and f 5 are frequency bands that also appears mainly because of the abrupt changes in current in the initial stage and pinch. These frequency bands comprise 120-200 MHz and 250-350 MHz, respectively. f 4 and f 5 frequency bands are radiated components that are coupled into the ILS signal because this inductive sensor is not shielded from the EM burst [53] . In the ILS wavelet transform the lowest frequency that can be identified corresponds to the main discharge frequency, i.e. the underdamped sinusoidal behaviour of the electrical circuit. This frequency is not highlighted in the wavelet transform results nor summarize in Table 1 because the antennas are not tuned for such low frequency value. Nevertheless, is worth noticing it as part of the electrical behaviour of the circuit. This frequency component can be approximately estimated (neglecting the damping due to the circuit resistance) with equation 2 [54] . This corresponds to the interaction between the capacitor bank (C 0 ) of 880 nF and the stray inductance (L 0 ) of 38 nH. The main discharge frequency is around 870 kHz which in turn is identified, with cyan color, at the bottom of ILS wavelet transform results during the entire discharge.
For the monopole antenna signal, see Fig. 6 and Table 1 , three groups of frequency bands were identified. Those frequencies appear in the transient associated with pinch and also can be distinguished at the start of the discharge. A frequency around 70 MHz, f 3 , appears during both transients and also at some part of the rundown stage. Its identification is overshadowed by higher frequency bands. The frequency band of 110-190 MHz, f 4 , is present at the initial stages, but it is more clearly identified during pinch. The other high frequency band, f 5 , lies between 250-370 MHz. Both f 4 and f 5 are detected at the initial transient and due to pinch. The highest frequency band, f 5 , is remarkably identified in the transient associated with pinch and occurs a few tens of nanoseconds after it. Note that f 4 and f 5 are in similar ranges to the higher frequency bands detected by the ILS. This observation supports the idea that those components are coupled into the ILS signal rather than being part of the inductive measurement. In terms of the S 11 parameter measured for the monopole antenna which has a first resonance (optimum) at 410 MHz, only f 5 is in the region where the antenna has the highest efficiency, although it is not optimized.
In the ILS-Vivaldi comparison, see Fig. 7 , the Vivaldi antenna signal also identified the two transients previously detected by the monopole: initial spark-gap conduction/gas breakdown and pinch. The main difference is the frequency content observed by this antenna. The wavelet transform of the Vivaldi antenna signal shows that it contains four frequency bands, some of them the same as in the ILS and monopole. According to Table 1 : f 3 correspond to approximately 70 MHz, similar to the monopole antenna, and is identified in the first transient; f 4 is a band found between 140-230 MHz and is mainly detected in the transient due to pinch; f 6 in the range of 340-510 MHz is notoriously present in both transients with major presence in the pinch transient; f 7 , approximately 670-1290 MHz, shows a low presence of higher frequencies up to the GHz at both transients, but with short duration. This last high frequency band, f 7 , is somewhat overshadowed in magnitude by lower frequency content such as the bands around 500 MHz that corresponds to the first valley from the S 11 parameter, see section II. The difference in the frequency content relative to the monopole antenna was expected because the Vivaldi was tuned for different frequencies (≈ 500 MHz and 1.2-2.3 GHz).
In the ILS-helical comparison shown Fig. in 8 , the time domain signal of the helical antenna shows that the two main transients are also detected. A slight difference is observed in the transient related to pinch. This transient starts immediately with high amplitude oscillations, in contrast to the monopole and Vivaldi measurement, where it was observed that this particular transient started at time of pinch and then its amplitude grew larger. The wavelet transform of the helical antenna visualizes this behaviour with the red areas noticeable at time of pinch and after. The frequencies of interest detailed in Table 1 are as follows: f 2 around 30 MHz at the transient related to the start of the discharge; f 3 around 70 MHz in both transients, similar to the previous cases; f 4 is in the range of 120-210 MHz in both transients, but more noticeable at pinch transient; f 6 a band of 220-530 MHz, also found in the pinch transient. These results indicate that both transients, measured with the helical antenna, are similar in shape and in frequency content. In terms of the S 11 parameter of the helical antenna, the bands of frequencies, f 4 and f 6 , correspond to those far field components that can be received more efficiently by this antenna.
B. CORRELATIONS BETWEEN THE INDUCTIVE AND RADIATED MEASUREMENTS
One of the most important characteristic of the inductive measurement is the dip value feature seen in the di/dt signal when the pinch occurs. This feature is related to the electromagnetic radiation and particle beam emission from DPF [13] , [25] . It also serves to infer the plasma shock and plasma jets that are formed due to pinch. Because of its importance, the objective of this subsection is to search if the dip value from the ILS signal is correlated with the EM burst emitted from the DPF and measured with the antennas. This parameter corresponds to the ILS signal value at time of pinch. An example of the dip value parameter of the ILS signal is shown in Fig. 9 .
For the antennas, the transient detected at time of pinch is considered as the EM burst measurement, thus neglecting the initial one for the correlations with the dip value. The EM transient considered correspond to the part of the antenna signal that starts at time of pinch until the end of the measurement, for example, see the helical antenna signal to the right of time of pinch in Fig. 8 . Two complementary approaches are shown for correlating the EM burst with the dip value: first, parameters calculated from the time domain antenna signals, peak value and energy, are used for the correlation, and second, spectral energy of certain frequency bands from the FFT of the antenna transients is used.
1) PEAK VALUE AND SIGNAL ENERGY CORRELATION
The parameters calculated to represent the intensity of the time domain antenna signal were peak value and signal energy. Two parameters were chosen to verify if better correlations results were found with one parameter or both. Signal peak value has a straightforward interpretation related to the maximum amplitude oscillations obtained in the antenna signals. Signal energy gives a complementary information because it takes into consideration the whole transient for its calculation, equation 3 [55] ,
where E n is the energy accumulated up to the n-th sample and v i are the values of the antenna signal samples. The energy signal corresponds to the summation until the last sample of the transient.
The correlations are displayed using the boxplot representations. In this representation, the dip values were grouped and the antennas parameters corresponding to them were distributed accordingly. The boxplot was preferred over the scatter plot, parameter to parameter correlation, because no clear data trend was observed in the latter case. The results of the correlations between the ILS and each of the antennas are shown in Fig. 10 .
Note that just the median value could be identified to have a clear increasing trend with dip values. This behaviour is highlighted with a red line that corresponds to a polynomial fit for the median values of each range. The results of the fits are shown in Table 2 . The adjusted R-squared parameter R 2 adj , see equation 4 [56] , is used for evaluating the fits that for instance can be linear, quadratic or cubic polynomials. In equation 4, n is the number of discharge measurements considered and p the number of parameters of the polynomial fit.
The increasing trend of median values is observed either by using the peak value or signal energy in each ILS-antenna comparison. In terms of the R 2 adj parameter for the median value fit, the best results are obtained by the monopole antenna using the signal energy parameter, i.e. the information of the whole transient seen by the antenna after pinch.
When analyzing the boxplots, see Fig. 10 , high data dispersion is found along with the trend of the median values using either peak value or signal energy. Note that some of the discharges that produced the highest dips did not necessarily produced high value parameter in the antenna signal. At this point, no significant differences are observed by using a particular antenna, although the use of different tuned antennas allowed to identify the increasing trend of the EM burst with dip values.
2) FREQUENCY BAND ENERGY CORRELATION
A frequency domain approach is presented based on the results from the previous subsection. Again, the part of the signal considered was the transient after pinch. Previously, it was shown that the median value of either the peak values or signal energy had an increasing trend with dip values. The antenna signals associated to each median value from the peak values correlations, see Fig. 10 -left, were selected and their fast Fourier transform (FFT) calculated.
The FFT results of each antenna are shown in Fig. 11 -left. The FFT results are presented in terms of the dip value range to which the median value belongs to. This method for displaying the results is based on the visible spectroscopy diagnostic of plasma focus done by Feugeas and Grigioni [57] .
Note that some frequencies exhibit an increasing trend with dip values whereas others do not. The frequency bands that follows this behaviour are highlighted in Fig. 11 left and summarized in the second column of Table 3 . A final correlation was investigated using this observation by calculating the spectral energy from the FFT, using only the frequency bands that exhibited this trend. The frequency bands were selected by visual inspection, where each of them followed the increasing trend with dip values. The method of calculating signal energy using only particular frequency bands from the signal frequency spectrum, was based on the work of Ardila-Rey [50] , a tool that was developed as a clustering technique for high frequency electrical signals. Equation 5 shows the calculation of the frequency band energy parameter, where E fb is the frequency band energy, the summation is over the N numbers of selected frequency bands of interest and in each frequency band the summation is done from lf , the lower limit of it, to hf , the high frequency limit of the band. The correlations results between frequency band energy and dip values are shown in Fig. 11 . The increasing trend of the median values with dip values is also observed by this correlation. The adjusted polynomials for median values are highlighted in red in Fig. 11-right . The details of the fits are shown in Table 3 . Note that for the cases using a Vivaldi or helical antenna the trend is more visible than the results using peak values and signal energy, although data dispersion with respect to the fitted polynomials still persists. For the Vivaldi and helical cases it was found that the median values followed a quadratic trend, having the Vivaldi result the highest R 2 adj parameter. The lowest R 2 adj parameter for the median value fit was obtained in the monopole case. A cubic fit was more suitable than the linear fit as was informed in the previous Table 2 . High data dispersion with respect to the fit was also found for the monopole case.
C. DISCUSSION
Time derivative of current, di/dt, is one of the mechanism for electromagnetic radiation from conductors [44] , [58] .
The structure itself of the DPF is acting like an emitting antenna as was first described by Gerdin et al. [33] . According to the results presented in section III-A, all three antenna signals detected two transients that can be associated with important stages of the discharge where high values of di/dt were detected by the inductive measurement: 1) Stage I: The first transient is associated to a EM burst which can be traced back to the spark-gap conduction and initial gas breakdown. These two events occur at the start of the discharge. First, the spark-gap conduction that allows the high voltage connection to the anode and then the gas breakdown inside the chamber. 2) Stage IV: The second transient can be time correlated to pinch. This particular event seems to be related to a switching action phenomena as predicted by Bruzzone et al. [40] . High frequency components are excited again, after the initial stage of the discharge, as can be seen in the inductive and antennas signals at time of pinch. The transients detected by the antennas support this claim, particularly, the wavelet transforms indicate that the frequency content of the transients, initial and pinch, do not differ significantly, so it can be concluded that the radiated frequencies are excited again due to the discharge process. Similar EM bursts during pinch and after it was observed by Gerdin et al. [33] and Escalona et al. [34] using other antennas and measurement methods. Despite the continuous time variation of current, not all stages of the discharge can be time correlated clearly with respect to the inductive measurement. However, for the possible application of DPF as a propulsion system of nanosatellites, the identification of the mentioned stages (I and IV) is sufficient for assuring the beginning of the discharge and latter formation of dense plasma.
Two approaches, using signal parameters from either the time or frequency domain representation of the signal, were presented. When the antenna data results were grouped in terms of dip value, as was presented in their respective boxplot, a clear increasing trend for their median values was identified with all antennas. Although the antennas were different, this result is consistent with the fact that this behavior was seen by all of them. Data dispersion, with respect to the median value trend, was found with all antennas, and thus, a variety of measured EM bursts were obtained from the DPF operation. Using the time domain representation, with either peak values and signal energy, the monopole antenna achieved better results in terms of the R 2 adj parameter. As detailed in section II, size restrictions limit the use of large monopole antennas. Nonetheless, the measured correlation enable its use as a remote sensor for plasma focus operation characterization. From the other sensors, the Vivaldi achieved better results using the peak value representation.
The approach using the frequency band energy parameter for the representation of the EM burst measured with the antennas yielded slightly different results. In this case, the better results of the monopole could not be replicated. Outlier data were still found for medium dip values. For instance, see the cases where the higher signal parameters were associated with medium range dip values, the range of [0.12-0.14] (a.u.), instead of the highest dip values in the range of [0.15-0.16] (a.u.), see the monopole case in Fig. 11 -right. With the frequency domain approach, the use of directional antennas, Vivaldi and helical antenna, seems more suitable for measuring the dense plasma focus operation, see their R 2 adj parameters from Table 3 . In particular, the highest value of the R 2 adj parameter for the median value trend was achieved with the Vivaldi antenna. Moreover, the ILS-Vivaldi correlation showed that the highest frequency band energy parameter was associated to a highest dip value, see the Vivaldi case in Fig. 11 -right. In contrast, the ILS-helical comparison showed some high value parameters associated to medium dip values such as the range [0.14-0.15] (a.u.) instead to the highest dip value range, see the helical case in Fig. 11 -right. Directional antennas can potentially enable the electromagnetic compatibility study of the DPF when used as a thruster, since it facilitates the determination of the preferred direction of the radiated electromagnetic signals from the DPF. Along with the a deeper study of the plasma focus as a PPT, the electromagnetic compatibility of the device will be carried out in future work.
Three regions can be defined for the electromagnetic phenomena [46] , [47] : reactive near field, radiating near field (Fresnel) and far field (Fraunhofer). The DPF, as an emitting antenna, can thus produce frequency components that fall in those regions. Considering the location of the antennas from the DPF, 0.4 m in this work, diverse frequency spectrums, including frequencies different from the S 11 measurement, were obtained for all antennas, see Fig. 11 -left. Some reactive near field components were present (reactive coupling) in all antenna signals, see the frequencies of interest from the wavelet transform results in Table 1 . The frequency spectrum approach presented, indicate that some frequency bands that aided to improve correlation results, were not in the bands that the antennas were tuned, see Fig. 4 . It can be deduced from the frequency band correlation results that, in addition to the far field components, reactive near field components carry information as well. The near field components cannot be discarded in the analysis because, in the proposed application for the DPF, the antennas must be placed near it. It is a combination of information from the far and near field components that correlates better with the dip value intensity. Different electric parameters and device geometry will produce a different frequency spectrum, which presents an opportunity to apply machine learning algorithms to find the required spectral information. For example, to search for the frequency bands that the clustering technique from which this work is based on [50] , a particle swarm optimization [59] was recently developed.
For the moment, the identification of the frequency components and their relationship with the physical phenomena occurring inside the plasma column, is not understood. It is known from the works of Bruzzone et al. [40] , [54] that high frequency oscillations in the electrical signals can be explained as interactions of energy flows between capacitances, the capacitor bank and the stray ones, and inductances conformed by the plasma inside the chamber and stray inductance from the conductor leads. The study of these frequencies related to the electric parameters of the DPF and their capacity to be radiated will be considered in future work.
IV. CONCLUSION
The experimental results of antennas for measuring the electromagnetic bursts from the dense plasma focus operation were presented. The use of antennas was proposed for a non invasive diagnostic of the dense plasma focus operation as a pulsed plasma thruster for the propulsion system of a nanosatellite. Two phenomena associated with the discharge were identified as the crucial ones to be detected by this diagnostic: the initial dielectric breakdown and plasma pinch formation (including its later disruption). The important phenomena of plasma disruption after pinch is inferred based on the dip feature observed in an inductive sensor. This fact was used to relate the respective transient observed in the antenna signal and correlate it to the inductive measurement. Data dispersion was found in the correlations, which encourages further research on the electromagnetic radiation emitted from dense plasma focus devices. Correlations using the peak value and signal energy of the antenna signal yielded better results in the monopole case. Of the other designs, the Vivaldi antenna using the peak value parameter obtained good results, only slightly below the monopole ones. Using a frequency spectrum criteria, the correlation results of the Vivaldi and helical antennas were improved. The Vivaldi antenna achieved the best results using this frequency band correlation. The main conclusion of the frequency approach presented is that the information in the frequency domain can achieve better results in finding a correlation with the dip value of an inductive sensor. Considering the projected miniaturization of a plasma focus intended to be used as a pulsed plasma thruster in a nanosatellite, a Vivaldi patch antenna represents a feasible alternative that can replace an inductive sensor measurement. 
